We report results of a detailed investigation of type-II superlattices under high density photoexcitation. A strong spectral shift (Ϸ0.5 eV͒ of the recombination band corresponding to the indirect transition from the ZnSe conduction band to the BeTe valence band in ZnSe/BeTe superlattices with increasing carrier density has been found at Tϭ300 K. The dynamical characteristics of this transition are studied by time-resolved spectroscopy. A model which accounts for the dependence of band bending and lifetimes of spatially separated electrons and holes on the concentration of the photoexcited carriers is developed. Numerical simulations of the photoluminescence kinetics are in very good agreement with experimental results. It turns out that despite the huge band offsets involved, the radiative recombination under high excitation conditions can be nearly as fast as in spatially direct quantum wells. © 1999 American Institute of Physics.
in view of commercialization, the reliability of the devices still needs further improvement. One important aspect is an optimization of the p-type doping, which is usually plagued by compensation and a high density of point defects in the p-type cladding. Also the ZnCdSe active regions are heavily strained, which is another potential cause for the degradation of the devices. Recently, Be-containing materials have been developed 2 for use in green ZnSe laser diodes. Due to the close lattice match of BeTe to GaAs and its high p-type dopability a variety of new design possibilities are available, e.g., ZnSe/BeTe pseudogradings have been used to fabricate lattice matched, long lasting p contacts with a low contact voltage even at current densities of 2 kA/cm 2 . In this letter we focus on the radiative efficiency of lattice matched ZnSe/ BeTe superlattices. ZnSe/BeTe superlattices are semiconductor heterostructures with a type-II band alignment and large band offsets, leading to localizing potentials of տ2.0 eV for electrons in ZnSe layers and Ϸ0.9 eV for holes in BeTe layers. [3] [4] [5] These band offsets are much larger than in III-V ͑GaAs, AlSb based͒ heterostructures and allow one to obtain electrons and holes separated in adjacent layers with the density up to 10 13 cm Ϫ2 , i.e., more than an order of magnitude larger than in the III-V heterostructures. [6] [7] [8] [9] An increase in band bending, depending upon carrier density, has been shown to strongly decrease the electron-hole recombination time in III-V heterostructures. [8] [9] [10] [11] Here we have studied the kinetics of radiative recombination in ZnSe/BeTe superlattices and found a strong decrease in lifetimes of more than four orders of magnitude. At low excitation levels the photoluminescence spectrum of a ZnSe/BeTe superlattice at Tϭ300 K shows two bands: a band with a maximum near 2.7 eV ͑direct in space optical transition, corresponding to radiative recombination of photoexcited electrons and holes in the ZnSe layer͒ and a wide band with a short-wavelength limit close to 2.0 eV, corresponding to an indirect in space interband transition of photoexcited electrons in the ZnSe to the BeTe valence band. Under high levels of photoexcitation the presence of spatially separated layers of electrons and holes in ZnSe and BeTe, respectively, with high carrier density results in the appearance of electric fields in the system. The electric fields induced by such dense electron-hole layers in turn give rise to a strong bending of the conduction and valence bands. 6 This leads to a large shift of the electron and hole energy levels, as well as to a strong change in the wave functions. The computational results are presented in Fig. 1 for two densities nϭ10 12 cm Ϫ2 and nϭ2ϫ10 13 cm Ϫ2 . Thus, as a result of increasing band bending, an appreciable modification of the energy of the interband optical transitions occurs. Also the overlap of the electron and hole wave functions is much larger at higher excitation levels. Under pulsed excitation of the system there is a continuous variation of the photoexcited carrier concentration. This results in changes of both spectral shape and intensity of radiative recombination of spatially separated electrons and holes during and after action of a laser pumping pulse. The purpose of the present letter is a detailed study of radiative recombination kinetics in strongly photoexcited ZnSe/BeTe superlattices at Tϭ300 K.
The investigated sample was grown by molecular-beam epitaxy and has a superlattice containing 60 periods of alter- 3 Photoluminescence was excited with a pulsed N 2 laser ͑pulse duration at half height ϳ10 ns͒. Laser radiation, wavelength ϭ337.1 nm ͑3.678 eV͒ is absorbed only in ZnSe layers, as the band gap of BeTe is E g Ӎ4.2 eV. 4 The laser excitation density on the surface of the sample P was varied by calibrated filters. The time-resolved photoluminescence spectra were recorded with a 0.6 m spectrometer equipped with a photomultiplier 18ELU-FM with a temporal resolution of ϳ1.2 ns, or with a 0.3 m spectrometer and a streak camera with the temporal resolution of р50 ps.
In Fig. 2 the photoluminescence spectra of the ZnSe/ BeTe superlattice taken at different time delays with respect to the laser excitation pulse ͑pulse duration ϳ10 ns, see inset͒ are presented. It is seen in Fig. 2͑a͒ , that with the rise of the excitation pulse a blueshift of the wide spectral band in the energy range 2-2.6 eV corresponding to radiative recombination of photoexcited electrons in the ZnSe layer and holes in the BeTe layer 6 is observed. It should also be noted that along with significant broadening and blueshift of this band in the energy range 2.65-2.8 eV corresponding to direct in space radiative recombination of photoexcited electrons and holes in the ZnSe layer, the occurrence of the second band is observed as a violet shoulder with spectral shift on the order of 0.1 eV ͓this area of spectra is shown in Fig. 2͑a͒ in an enlarged scale͔.
On the tail of the excitation pulse there appears a gradual spectral shift of the band corresponding to indirect in space optical transitions to lower energies again ͓see Fig. 2͑b͔͒ .
To explain the modification of the photoluminescence band in the spectral range ͑2.0-2.5 eV͒ and the time interval ͑0-25 ns͒ it is necessary to take into account the temporal changes in concentration of spatially separated electrons and holes. These changes result in variations of electrical fields in the system. This, in turn, causes changes in valence and conduction band bending and also affects the overlap of electron and hole wave functions ͑Fig. 1͒. Accordingly, the spectral position of the emission band changes-a blueshift for increasing carrier densities is observed. Due to the fact that radiative lifetime of spatially separated electrons and holes depends on the overlap of their wave functions, the photoluminescence intensity changes as well.
We performed numerical simulations of the energy position and of the shape of the spectral band for the indirect interband transition as the carrier density varies in time. The valence and conduction band bending and carrier lifetime changes have been taken into account. Moreover, the absorption of the excitation light due to 60 periods of ZnSe/BeTe layers is depth dependent and significant enough to be required for an accurate model.
For the numerical calculations a simple kinetic model for the dependence of the two-dimensional ͑2D͒ carrier concentration n on time t was used:
where (n) is the radiative recombination time dependent on the carrier concentration, p(t) is the shape of the laser pulse, and I(z) takes into account the depth dependent exponential attenuation of the intensity of the exciting laser irradiation. The spectral shape of a radiation line of an individual layer of spatially separated electrons and holes as a function of density n was chosen as the convolution of a step function with the width ⑀, proportional to n(⑀ϭ2ប 2 n/m*), and the Lorentz function with the width ␥տk B T. To obtain the calculated spectrum in the particular moment of time the numerical integration of Eq. ͑1͒ and summation over all layers of the structure was carried out. We estimated the dependence (n) used in Eq. ͑1͒ from the experimentally measured dynamics of photoluminescence decay detected at various energies and the computed positions of the lower levels for electrons in the ZnSe layer and holes in the BeTe layer. Intensities of spectra in the range from 2.6 to 2.9 eV in ͑a͒ are increased by 15 times. In the inset the shape of the excitation N 2 laser pulse is shown. Density of optical pump is ϳ50 kW/cm 2 , Tϭ300 K.
We suggest here that this dependence is only weakly temperature dependent ͑in Ref. 6 it was measured at Tϭ5 K͒. The values of (n) changed from Ϸ100 ns at very weak levels of optical pumping (nр10 10 cm Ϫ2 ) down to Ϸ0.1 ns at very high excitation levels nу2ϫ10 13 cm Ϫ2 ͑see inset in Fig. 3͒ . This is as fast as for spatially direct optical transitions in direct-gap semiconductor structures. In the latter case of the strongly bent zones the wave functions of electrons and holes are localized close to the interface between ZnSe and BeTe layers and, hence, their overlap is very large ͑Fig. 1͒.
The results of the calculations of the photoluminescence line shape at different times are presented in Fig. 3 . It can be seen that for the front edge of excitation pulse ͓Fig. 3͑a͔͒, i.e., with carrier density increasing, a considerable line shift to higher energies occurs. This shift is caused by an increase of the band bending. On the tail of the excitation pulse ͓Fig. 3͑b͔͒ as the carrier density is decreasing, the emission line in the region of spatially indirect optical transitions is continuously shifted back to lower energies, toward its initial position at low concentrations. There is good agreement between the calculated results and experimentally obtained timeresolved emission spectra ͑Fig. 2͒. Some divergence in the shape of the spectral line on the blue side can be attributed to the fact that in the calculations, the electrons fill only the lowest energy level, whereas spectral changes in the energy range of the spatially direct transitions in ZnSe layer ͑2.65-2.8 eV͒ indicate that electrons occupy higher energy levels as well ͓Fig. 2͑a͔͒.
Thus, as a whole, it is possible to assert that changes of the emission spectra observed in the experiment at various time delays in strongly excited type-II ZnSe/BeTe superlattices are described in detail. Band structure changes influence the wave function overlap and hence the radiative recombination times. At high excitation densities the recombination times in type-II superlattices can be as fast as for direct transitions in type-I quantum wells.
It should also be noted that the reported phenomenon is not limited to the ZnSe/BeTe material system, but should also occur in other heterostructures with a type-II alignment, e.g., CdSe/ZnTe quantum wells. 12, 13 This work was supported by the Deutsche Forschungsgemeinschaft ͑through SFB 410͒ and RFBR Grant No. 98-02-16651. FIG. 3 . Calculated recombination spectra of spatially separated electrons and holes in ZnSe/BeTe superlattice at different time delays during the action of the excitation pulse. The dependence (n) used in calculations is shown in the inset.
